ABSTRACT
The congenital nemaline myopathies are rare hereditary muscle disorders characterized by the presence in the muscle fibers of nemaline bodies consisting of proteins derived from the Z disc and thin filament. In a single large Australian family with an autosomal dominant form of nemaline myopathy, the disease is caused by a mutation in the ␣-tropomyosin gene TPM3. The typical form of nemaline myopathy is inherited as an autosomal recessive trait, the locus of which we previously assigned to chromosome 2q21.2-q22. We show here that mutations in the nebulin gene located within this region are associated with the disease. The nebulin protein is a giant protein found in the thin filaments of striated muscle. A variety of nebulin isoforms are thought to contribute to the molecular diversity of Z discs. We have studied the 3 end of the 20.8-kb cDNA encoding the Z disc part of the 800-kDa protein and describe six diseaseassociated mutations in patients from five families of different ethnic origins. In two families with consanguineous parents, the patients were homozygous for point mutations. In one family with nonconsanguineous parents, the affected siblings were compound heterozygotes for two different mutations, and in two further families with one detected mutation each, haplotypes are compatible with compound heterozygosity. Immunofluorescence studies with antibodies specific to the C-terminal region of nebulin indicate that the mutations may cause protein truncation possibly associated with loss of fiber-type diversity, which may be relevant to disease pathogenesis.
The typical form of congenital nemaline myopathy is characterized by infantile onset of a slowly progressive or nonprogressive weakness of the facial, bulbar, neck flexor, respiratory, and proximal limb muscles, with a later distal involvement (1) (2) (3) (4) . In more severe forms, in which the course is often fatal, the infants may have arthrogryposis or fractures at birth and no spontaneous movements (1, 2) . In the majority of cases, the inheritance is autosomal recessive (4). To date, two loci for nemaline myopathy have been established, the TPM3 locus on chromosome 1 and a locus on chromosome 2q21.2-q22 (5-8).
Within the 2q region, the gene encoding nebulin is contained. Nebulin is a skeletal muscle-specific sarcomeric protein that appears to be an integral component of the thin filament (9) . Its C-terminal region has been believed to regulate the assembly of Z discs (10, 11) (Fig. 1) . This, in conjunction with the linkage data, raised the possibility that mutations in the nebulin gene (NEB) might be causing the typical autosomal recessive form of the disease.
To permit screening of nebulin exons and splice sites for mutations, we have partially determined the genomic organization of the gene, by using long-range PCR with primers designed on the basis of the cDNA sequence (GenBank accession no. X83957). The genomic length of the entire gene has been estimated to be about 400 kb (16) . As a starting point, sequences encoding the C-terminal 120 kDa of nebulin were determined (bp 17,610-20,881, accession no. X83957), because this part of nebulin is highly conserved in nebulette, a cardiac muscle-specific filamentous protein that is encoded by a distinct gene (10, 11) . The conservation suggests that the C termini of both proteins, which are located within the I-Z-I junction (Fig. 2) , are important for the assembly and integration of Z discs within the sarcomere (10) .
The nebulin exons, including their intron boundaries, were screened for mutations by single-strand conformation polymorphism (SSCP) analysis, and aberrant bands were sequenced. In addition, we analyzed the region spanning exons 163-172 (bp 17,699-18,807, accession no. X83957) by reverse transcription (RT)-PCR and sequencing, by using RNA extracted from lymphoblastoid cultures of 10 unrelated patients. Altogether, 22 families with affected children of healthy parents from seven different countries were included in the study; mutations were identified in five families.
MATERIALS AND METHODS
Patients and Samples. Altogether, 22 families (11 Finnish, 6 British, 1 Danish, 1 Dutch, 1 French, 1 German, and 1 Australian) were included in the study. They had the typical form (1) of congenital autosomal recessive nemaline myopathy and linkage results compatible with linkage to the 2q region. Genomic DNA was extracted from blood or lymphoblastoid cell lines from all 28 patients and their families according to standard procedures. RNA was isolated from lymphoblastoid cell lines of 10 unrelated patients by the Trizol method (GIBCO͞BRL). DNA samples from 121 unrelated individuals with no known neuromuscular disorder were used as controls.
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PNAS is available online at www.pnas.org. Haplotype Analysis. Haplotypes for the following polymorphic microsatellite markers were constructed: D2S2324, D2S2277, D2S2275, D2S2236, and D2S2299 (17) . PCR conditions were as described (7) . The PCR products were run on 5-6% polyacrylamide gels, and the alleles were visualized by silver staining (18) . The alleles were numbered consecutively, ''1'' being the largest.
Long-Range PCR and Sequencing. Long-range PCR was performed with the GeneAmp XL PCR kit (Perkin-Elmer) as described by the manufacturer. The primers were designed on the basis of the nebulin cDNA sequence (accession no. X83957). Sequencing of the PCR fragments was done with either ABI PRISM dye terminator or ABI PRISM dRhodamine cycle sequencing kits (Perkin-Elmer) according to the manufacturer's instructions, and reactions were run on an ABI 373 A or 377 sequencer (Perkin-Elmer), respectively. The N-terminal region spans the Z line, and, therefore, titin filaments from opposite sarcomeres fully overlap within the Z lines (12) . Within the Z line, titin filaments connect to ␣-actinin Z filaments at multiple sites, which then cross-link the titin and thin filaments (12) (13) (14) (15) . Nebulin:Nebulin filaments appear to insert about 30 nm away from the center of the Z line (10) . Triangles on the left indicate the location of the six identified mutations (Figs. 2 and 3 ). On the right, arrows indicate the location of the epitopes to which antibodies were raised for immunofluorescence studies (Fig. 4) . The annealing temperature for the primers was 68°C, and the cycling conditions were as follows. Cycles: 1, 95°C, 5 min; 2, 95°C, 1 min; 3, 68°C, 1 min; 4, 72°C, 1 min; 5, go to 2. 39 times; 6, 95°C, 1 min; 7, 68°C, 1 min; 8, 72°C, 5 min; 9, 4°C. DynaZyme DNA polymerase (Finnzymes, Espoo, Finland) was used for amplification.
RT-PCR.
The additional exons in the cDNA from a muscle biopsy of the Australian patient were detected with the following primer pairs: 23F (CCACTACCACACCATACCCGATA) and 24R (CTATGGTTTTTCTGTGTCAATGTGAT), bp 18,068 -20,572, and 31F (GAATCCCAACACCTATCACTC) and 32R (T TCT T TAT TCTGATAGT T TCCG), bp 19,201-19,660 .
SSCP. MDE gel solution (FMC) was used for SSCP analysis of exons according to the protocol of the manufacturer. Genomic DNA was used as the template for PCR with primers constructed for each exon (primer sequences are available on request) and the 150-to 250-bp PCR products were run on 0.6-0.9ϫ MDE gels. The gels were run at room temperature for 16-19 h at 5 W, fixed in 10% citric acid for 30 min, stained for 30 min with a 0.1% silver nitrate solution supplemented with 0.15% formaldehyde, and developed in a 3% sodium carbonate solution supplemented with 0.15% formaldehyde and 0.0002% sodium thiosulfate.
Immunocytochemistry. Unfixed cryostat sections (5 m) were immunolabeled for 30 min with rabbit polyclonal antisera raised against the SH3 domain (diluted 1:10) and the M176- 
RESULTS
Genomic Structure of the 3 Region of the Nebulin Gene. The 3Ј end of the 20.8-kb nebulin cDNA, bp 17,610-20,881 (accession no. X83957), consists of at least 30 exons and 29 introns, which span about 50 kb of genomic DNA. These exons encode the nebulin C terminus-specific repeat domains M163-M185, the serine-rich domain with RS-phosphorylation motifs, and the SH3 domain (10, 16, 19) . The sizes of the exons vary from 93 to 184 bp, and the introns vary from 99 bp to 4-5 kb. We numbered the exons to correspond with the protein repeat domains described previously (16, 19) (Fig. 2) .
Four segments were identified in genomic DNA that have 83-96% sequence homology to the C-terminal portion of nebulin but are not present in the published cDNA sequence (accession no. X83957). They presumably correspond to exons and were named 177b, 177c, 177d, and 178b. Their sequences were amplified from genomic DNA of healthy controls. On the transcription level, their transcripts could not be amplified from healthy controls, which is in agreement with their absence from the sequenced human nebulin (accession no. X83957). However, M177b-, M177c-, M177d-, and M178b-positive transcripts were amplified from a muscle biopsy tissue sample from an Australian patient with nemaline myopathy in whom mutational analysis has not yet been completed.
For all sequenced nebulin exons, the exon͞intron boundaries are located within the SDXXYK consensus sequence, in the middle of the protein repeat domains M162-M184 (Fig. 2) . Therefore, the regular modular architecture of the nebulin protein is also reflected in the genomic organization of the gene.
In summary, based on the genomic organization, the previously described multiple nebulin isoforms differing in the M176-M181 region (10) are generated by exon-skipping events involving exons 176-181 in the alternatively spliced region (Fig. 2) . Expression of the exons M177b, M177c, M177d, and M178b is predicted to produce a novel type of nebulin isoform, whose tissue or developmental stage expression is currently not known.
Mutation Analysis. For SSCP analysis, exon-f lanking primer pairs were designed on the basis of the genomic sequence encoding exons 162-187. RT-PCR analysis was performed on RNA extracted from lymphoblastoid cultures. Family 1. A 1-bp (G) deletion in exon 165, inferred to cause a truncation of the protein at the repeat domain M166 (Table  1 ; Fig. 2 ), was first detected by SSCP. Two affected British children and their unaffected father were heterozygous for the deletion, which was also confirmed by mRNA sequencing. Based on the family's haplotypes in this region, we expect that the children's maternal allele harbors an as yet unknown NEB mutation (Fig. 3) .
Family 2. In a Finnish family, we found a 4-bp (GTTT) duplication͞insertion in exon 172 encoding part of the repeat domains M172 and M173 (Fig. 2) . The only affected child inherited the mutation from her unaffected mother. The duplication should cause a frameshift leading to a stop codon in the beginning of exon 173 and truncation of the protein from domain M173 (Table 1 ). Haplotype analysis suggests that the child is likely to have inherited a different, as yet unidentified, mutation from her unaffected father (Fig. 3) .
Family 3. The two affected children of a French family were found to be compound heterozygotes for two different frameshift mutations. From their unaffected father they inherited a 2-bp (AG) deletion in exon 172, and from their unaffected mother they inherited a 2-bp (GA) deletion in exon 181. The first mutation would lead to a stop codon in the beginning of exon 173 and a truncation of the protein from domain M173. The second mutation would lead to a stop codon in exon 181 and truncation of the protein from domain M182 (Table 1) . Exon 181 is within the alternatively spliced region of NEB (Fig.  2) , and the maternal mutation may therefore affect only some of the nebulin isoforms.
Family 4. A homozygous G to C transversion in the last codon of exon 163 was detected in the only affected child of a German family (Table 1; Fig. 2 ). The German consanguineous parents of Turkish descent are heterozygous, and two healthy siblings are heterozygous for the mutation and homozygous for the normal allele, respectively. The mutation interferes with the 5Ј consensus splice site of intron 163 and is predicted to cause in-frame skipping of exon 163 or partial retention of intron 163, because of activation of a cryptic splice site 100 bp downstream in intron 163. The latter mRNA has a STOP codon 36 bp downstream of exon 163. The abnormally spliced mRNA is seen as two distinct RT-PCR products different from the control mRNA (Fig. 4) .
Family 5.
A homozygous G to T transversion in the ninth codon of exon 185 was detected in one affected British child of consanguineous parents. The mutation changes a glutamic acid (GAG) to a stop codon (TAG) and should result in loss of the last 134 amino acids, i.e., from the beginning of the serine-rich domain in the C-terminal region of nebulin (Table  1 ; Fig. 2) .
None of the six mutations were detected by SSCP in control DNA from more than 100 healthy individuals (Table 1) .
Histological Analysis of Muscle Biopsy Specimens. To test whether the mutations lead to truncation beyond the respective mutations, we used an antiserum to the C-terminal SH3 domain and an antibody directed against nebulin simple repeats M176-M181 (10) (Fig. 1) for staining muscle sections of nine cases of nemaline myopathy, including the patients from families 1-5. In controls, striations were visible with both antibodies, and the antibody to M176-M181 labeled slow (type 1) fibers more intensely than fast (type 2) fibers. All cases of nemaline myopathy showed immunoreactivity with the M176-M181 antibody and cross striations were indistinguishable from those of the controls (Figs. 5 and 6 ). All cases except that from family 5 showed labeling with the SH3 antibody (Figs. 5  and 6 ). The absence of labeling in this case is consistent with the finding of the homozygous nonsense mutation in exon 185. The cases from families 1 and 5 also showed more intense labeling of slow fibers than of fast fibers with the M176-M181 antibody. In the patients, particularly patients 3 and 4, it was not possible to define the type of all fibers, because many fibers coexpressed slow, fast, and͞or fetal isoforms of myosin. However, the case from family 3 showed differences in labeling intensity between fibers with the SH3 antibody and the case from family 4 showed differences with the M176-M181 antibody (Fig. 5) . It is noteworthy that the patient studied in family 3 had a population of fibers that did not label with the SH3 antibody, in contrast to the uniform labeling in other cases. In the case from family 5, the fast fibers appeared to be less intensely labeled with the M176-M181 antibody, rather than negative, and some patchiness and uneven labeling was seen (Fig. 6) . This was not apparent with other antibodies to myofibrillar proteins and may, therefore, represent specific loss of one form of nebulin.
To summarize, in one patient, immunohistochemical analysis failed to detect the C-terminal nebulin SH3 domain, as predicted by the mutation in M185. In six other patients, despite frame shifts in the region M162-M181, the C-terminal SH3 epitope located further toward the 3Ј end was, however, detected, although in one of these patients a population of fibers was SH3 negative.
DISCUSSION
In the nebulin gene segment studied, we found six different mutations associated with autosomal recessive nemaline myopathy. Two patients were homozygous for their mutations; one was shown to be a compound heterozygote. Two patients with one detected mutation each were likely, in view of their haplotypes, also to be compound heterozygotes (Fig. 3) . In summary, all mutations identified to date are located in the segment M162-M185.
The frame shifts͞stop codons caused by the six mutations are predicted to cause the loss of 25-80 kDa from the C-terminal end of the nebulin filament system. In agreement with the gene sequence data, the histochemical analysis of one 
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Medical Sciences: Pelin et al. Proc. Natl. Acad. Sci. USA 96 (1999) patient biopsy suggests loss of the C-terminal SH3 domain epitope. However, at present, it is unclear why, in the other six patients analyzed, the SH3 domain is detectable. Possibly, it is relevant that, for the SH3-positive cases, the five observed mutations are located within the M176-M181 segment or in the 5Ј vicinity of this segment, a region in which extensive differential splicing occurs. Therefore, we tested whether the splicing pattern is altered by some of the mutations. In one case, a misspliced nebulin transcript was detected in which an intron is retained (Fig. 4) . Because in this patient the C-terminal SH3 domain epitope is detectable (Fig. 4) , despite the presence of stop codons in the amplified aberrant transcript (Fig. 2) , we speculate that mutant transcripts leading to abnormal splice intermediates may be further processed by splicing out the mutated sequences. Thus, the mature transcripts may encode the extreme C-terminal epitopes but would be internally truncated within the M176-M181 region. Such a model may suggest that the aberrant nebulins in nemaline myopathy would lack the normal physiological isoform diversity, which appears to be linked to the fiber-type and Z line diversity in different muscle tissue types (10) . In another, an Australian patient, transcripts including the exons M177b, M177c, M177d, and M178b were observed, which are not expressed in the nebulins from healthy controls sequenced to date.
Currently, we are investigating whether changes in splice isoforms and the aberrations in fiber-typing patterns generally seen in nemaline myopathies are linked to each other and thus might be causally related to the disease.
Within the determined nebulin gene sequence, exon͞intron boundaries are invariably located within the central SDXXYK motif, which is characteristic of the nebulin module family. As observed previously, the segment M176-M181 gives rise to multiple different-sized isoform variants (10) . It is now clear, based on the exon͞intron structures, that these isoforms are generated by differential exon-skipping events of the exons (a and b) , and the fiber-typing effect (enhanced in slow fibers) with the M176-M181 antibody in the control and patient 4 (b and d). The difference in fiber types with the SH3 antibody in patient 3 (e) does not relate to a specific fiber type, but note that some fibers appear to be negative. (Bars ϭ 50 m.) encoding M176-M181 (Fig. 2) . If the positions of the exon͞ intron boundaries are conserved throughout the complete nebulin gene, it will become possible in the near future to develop primer pairs for the amplification of all, more than 185, nebulin repeats.
Interestingly, tissue culture studies have previously shown that overexpression of ␣-actinin also results in the formation of nemaline bodies (20, 21) . On the genetic level, mutations in TPM3 (5) and NEB (this study) both lead to nemaline myopathy. Therefore, genetic as well as cell biology approaches suggest that alterations in nebulin, and other thin filament proteins, and their connecting partners such as ␣-actinin, are the molecular basis for nemaline body formation. According to this model, perturbation of their physiological interactions in Z disc assembly leads to nemaline body formation. The mechanisms of the tight coordination of the coassembly of titin, nebulin, ␣-actinin, and actin are not understood. Possibly, a study of the Z disc structure and Z disc proteins present in the patient with the M185 stop codon, leading to lack of the C-terminal regulatory 25-kDa sequences of nebulin, will lead to further insights into the mechanisms controlling this assembly.
For future studies, a complete panel of mAbs specific to single exons of the M162-M181 repeat region, to the unique serine-rich domain, and to the SH3 domain is needed to determine which parts of nebulin are lacking in nemaline myopathies. Thereby, possibly, a better understanding of the relationship between disease severity and the nature of the nebulin mutation present in patients with nemaline myopathy may emerge and provide a basis for genetic counseling.
